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Mo and S ions were simultaneously implanted into 9Cr18 stainless steel samples. The frictional
properties of the implanted samples were assessed using a pin-on-disk tester and the elemental depth
profiles were measured by Auger electron spectroscopy. The hardness of the samples was also
measured. We find that this dual-element implantation process reduces the coefficient of friction by

a factor of 2 and increases the low-friction lifetime by a factor of 4 compared to the 9Cr18 surface
with Mo or S implantation alone. This enhancement is related to the synergistic coexistence of the
implanted elements at the same place. We have also investigated the process using computer
simulation. The simulation results help disclose the characteristics of the modified layer and explain
the effects of dual-element ion implantation. Z)01 American Vacuum Society.

[DOI: 10.1116/1.1333086

[. INTRODUCTION and a thickness of 8 mm were polished to a mirror finish,

MoS, is an excellent solid lubricant and is widely used in followed by an ultrasonic clean. Three kinds of ion beams
the space and vacuum industries to reduce the friction coefvith atomic ratios Mo:$-1:0, 1:2, and 0:1 were used in our
ficient. Sputter deposition is the most common techniquémplantation experiments, formed from the TITAN vacuum
used to form Mo$ lubricant films on workpiece surfaces. arc ion source. A pure Mo cathode yielded an ion beam
However, due to the considerable difference of the Young'sonsisting of only Mo, that is, M0:$1:0. A cathode made
modulus between the substrate and Mdi8n, the film is  of Mo and S with an atomic ratio of Mo:S1:2 was em-
liable to peel off under stress. Deposition of Mdins with  ployed to generate the MeS ion beam with Mo:S$1:2.
good adhesion and thickness uniformity can be a challengeulfur is an insulator and cannot produce a cathodic arc
Fabrication of Mo$ thin films by ion beams has been inves- plasma directly. Thus, the S ion implantation was achieved
tigated by a number of workefs® Ag, Mo, and Au ion  ysing a cathode made of 9Cr18 and S with an atomic ratio of
implantation has been shown to improve the density of MOSFe+Cr:S=1:1.5. The resulting Mo:S ratio in the ion beam
films and to prolong the lifetime of the filnfsN, Ti, and Mo \yas 0:1. The M&-S and S cathodes were made by com-
ion implantation has bgen reported to dgcrease the friCtiOBressing metal and S powders in a metal tube made of 9Cr18
coefficient of 9Cr18 stainless steel, enabling the 9Cr18 subsisiniess steel, and there were residual Fe and Cr in the cath-
strate to retain a<_:ceptable frictional prop_ert|e§ even after th8de materials. The MeS and S ion doses were estimated
superficial Mo film has_ peeled O.ﬁ‘ In this article, we re- according to the contents of Mo and S in the cathodes. The
port our work on the coimplantation of Mo and S ions into time-average ion beam current was less than 0.04 mA/cm

9Cr18 stainless steel. The influence of the Mo:S ratio in th%Or all the ion implantation processes. The implantation pa-

Mo+S ion beam on the 9Cr18 frictional and hardness prop- . .
rameters are displayed in Table I.

erties was investigated. A computer simulation program was . . .
g P prog The elemental depth profiles were acquired using a

developed and used to predict the compositional profile in | . d d usi
the implanted layer. SIA100 Auger analyzer. Friction tests were conducted using

a pin-on-disk tester under a load 5 N with a rotational
speed of 3 rpm and a ruby ball with a diameter of 5 mm. The
) ) ) _ . test was terminated when the friction coefficient reached 0.4.

| lon mﬁa;:tstlor:) Wasdcond'léctgzdlusmlg ;@ TE;AN .|o|n M- The friction coefficientf was determined by the steady-state
planter whic 1as been described elsewnerer stainless o 1ue before the end of the test. An HRC hardness tester and
steel samples in the form of disks with a diameter of 45 MMy H microhardness tester were used to measure the HRC

. , , _ _ and HK hardness of the samples. The HK hardness was mea-

dAlso at: Dept. of Physics and Material Science, City Univ. of Hong Kong, . .

83 Tat Chee Ave., Kowloon, Hong Kong. sured with a Iqad. qf 2 g. Each hardness value is the mean of
DElectronic mail: paul.chu@cityu.edu.hk at least three individual measurements.

[I. EXPERIMENT

295 J. Vac. Sci. Technol. A 19 (1), Jan/Feb 2001 0734-2101/2001/19(1)/295/4/$18.00 ©2001 American Vacuum Society 295



296 Zhang et al.: Enhancement of tribological properties of 9Cr18

TaBLE |. lon implantation conditions.

lon beam DoseX 10" ions/cnt) Accelerating voltagekV)
Mo 1 40
S 1 40
Mo+S 1,2,3 40

Ill. RESULTS AND DISCUSSION
The results of the hardness test of the samples are listed

296

Mo ion beam, it can be inferred that Fe and Cr ion implan-
tation has little influence on the frictional properties of the
samples.

The results obtained in our experiments and by other re-
search group<*®show that the coincidence of the implanted
elemental distributions is important for the improvement of
the frictional properties of the sample in a dual-element ion
implantation process. We define three parameters to charac-
terize the coincidence of the implanted ion depth profiles.
ifhe first one isF=1(x)f,(x), wheref,(x) and f,(x) are

Table Il. The unimplanted sample has the highest HRC an¢he concentration depth profiles of each implanted ion spe-
HK values, and so the ion implantation process decreasegies in the implanted layer. The second onE jg,, which is
both the HRC and HK values of the samples. The measuretie maximum ofF in the layer. The third one iS¢, the

friction coefficients are shown in Table Ill. Mo or S implan-

tation alone improves the friction properties only marginally.

On the other hand, MéS coimplantation improves the fric-
tion properties significantly, with the 310" ions cm ?

Mo+S implanted sample showing the lowest friction coeffi-

cient and longest lifetiménumber of cycles before the fric-
tion coefficient increases precipitouslyThe x-ray ray dif-
fraction (XRD) data acquired from the MbS implanted
samples show no evidence of Mol the implanted layer.

layer thickness for which botfi;(x) and f,(x)>C in the
implanted layer.C is the critical concentration of the im-
planted element in the sample above which the frictional
properties are improved significantlf. reflects the coinci-
dent intensity of the depth profiles of the two implanted el-
ements. By calculating .y, the maximum value of in the
implanted layer can be specified. Also, we can Hgg, to
compare the coincident intensity of the elemental depth pro-
files in different samplesT: represents the effective coinci-

Since the measured Mo and S depth profiles coincide witlilence range of the two depth profiles.

each other very well in the MbS implanted samplé-ig. 1),

It is meaningful to describe this multicomponent ion im-

it appears that the synergistic coexistence of Mo and S, withplantation by computer simulation utilizing these three

out molecular Mo$ formation, is sufficient to yield the su-
perior frictional characteristics.

parameter§.In this program developed in our laboratories
and based on theriM code, alternating implantation of two

The observed Mo projected range is about 26 nm in theslements is used to simulate the simultaneous and continuous

1x10'ions cm 2 Mo+S implanted sample. A Mo cathodic
arc plasma has a mean charge state of 3Hie Mo projected
range is consistent with &rim calculation with a Mo energy

multicomponent ion implantation. Sputtering and composi-
tion changes in the target are also taken into account to make
the program suitable for high-dose implantation. The target

of 40X 3.1=124keV. The range of the S ions is about 24is divided into many thin layers so that the depth profile can

nm. This distance corresponds @ S ion energy of 45 keV

be depicted with enough resolution. Each implanted ion or

according toTrRIM. Hence, it is roughly estimated that the S recoiled atom is traced to determine its final position and in

plasma has a mean charge state of 45/40These data thus
indicate that the S plasma includes ions with 2r higher
charge states.

The C and O contents are much higher than the Mo and
contents in the subsurface lay€0—-30 nm under the sur-

which layer it has relocated to, and then the composition of
each layer is adjusted during the simulation process accord-
ingly. The particle numbers in the first layésurface layer

8nd sometimes those in the second layer are altered on ac-
count of sputtering in addition to the ion implantation and

face in all of the implanted samples. The Fe content in therecoiling processes. When all the particles in the surface
subsurface layer is mainly influenced by the presence of Cayer are sputtered away, the second layer becomes the first
and O. The Fe content in the subsurface layer is about 50—@@yer and the indices of the other layers are subsequently
at. % in all the implanted samples. As aforementioned, Fehanged. The simultaneous and continuousH@oion im-

and Cr ions exist in the M6S and S ion beams. The fric- plantation is treated as alternating processes of small-dose
tional properties of the M6 S ion implanted samples are Mo ion implantation and small-dose S ion implantation. The
much better than those of the S ion implanted samples;ycles of Mo and S ion implantation are repeated until the
whereas the frictional properties of the S ion implantedfinal dose has been attained. The ion energies are determined
samples are similar to those of the Mo ion implantedby the average charge states. The ratio of the implanted ion
samples. Considering that there are no Fe and Cr ions in thdoses is determined by the composition of the cathode, and

TasLE Il. Hardness of the samples.

Mo S Mo+S Mo+S Mo+S
Unimplanted implanted implanted 1x10Y 2% 10 3x10Y
HRC 61.7 57.4 58.7 58.1 56.3 56.8
HK 947 865 881 850 839 823
(kg mm™?)
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TaBLE lll. Friction test results. 6
851 30 onskn?
Friction S 4
coefficient Lifetime =7 210" ions err?
Sample(9Cr18 (F) (No. cycles E g' 1x10"ions/en?
2 2
unimplanted 0.28 950 21
1x 10" ions/cnf Mo+S implantation 0.13 2100 “ 9
2% 10" ions/cnt Mo+S implantation 0.11 3500 ' '
3% 10 ions/cnt Mo+S implantation 0.11 4100 0 40 80 120
1x 10 ions/cnt S implantation 0.19 1300 Depth
1x 10" ions/cnf Mo implantation 0.20 1400 epth (nm)

Composition(at%)

Depth (nm)

100

a1

Composition (at%)

Depth (hm)

Fic. 2. Computer simulation results Bf= fy,,(x) fg(x). The implanted ions
are Mot+S with the Mo:S ratio equal to 1:2. The dose ok 107 cm™2
corresponds to 4800 pseudoparticles. The accelerating voltage is 40 kV.

Fe and Cr ion implantation is neglected in the simulation.
The fundamental model taking into account the penetration,
sputtering, and collisional cascade of the incident ions in the
target as well as the main modeling parameters are described
elsewheré?

Our simulation shows that = f(X)fg(X) andFa in-
crease with higher implantation dofgig. 2). This indicates
that simultaneous MéS ion implantation can give good co-
incidence of the Mo and S species. Thg,, location moves
towards the surface as the dose increases due to sputtering.

Noticing the evident rise in the lifetime of the sample
implanted with 16" Mo+S cm? over the unimplanted
sample, as exhibited in Fig. 3, we conservatively determine
C by settingTc=0 in the Auger elemental depth profile of
the sample implanted with 210" ionscm ? Mo+S ions
(Fig. 1), yielding C=0.06. TheT. value can be calculated
with C=0.06 (Fig. 4). The T, g value, that is, the thickness
of the effective modified layer in the implanted sample,
clearly increases with increasing implant dose. Therefore, the
larger the value of g6, the better are the frictional charac-
teristics. Through simulation, we can readily determine at
what dose and energy the required performance of the im-
planted layer can be realized.

IV. CONCLUSION

Our study shows that simultaneous Mo and S coimplan-

100 ) o X : )
tation produces significantly better improvement in the fric-
a0 L tional properties of 9Crl18 stainless steel than Mo or S im-
3 plantation alone. Since XRD does not detect the existence of
koA MoS,, the enhancement by this dual-element ion implanta-
S tion process is related to the implanted elements coexisting at
g
o 5000
—. 4000 +
8
% 1wl
4
© Depth (nm) o : : :
0 1 2 3 4

Fic. 1. Elemental depth profiles of the implanted samples obtained by Auger
depth profiling:(@) Mo ion implanted sample(b) S ion implanted sample;

(c) Mo+S ion implanted sample. The dose ix 10" cm™2 and the accel-
erating voltage is 40 kV.
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FG. 3.

Dose (10Yions £n)

Friction test lifetime as a function of MeS implantation dose.
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